A lthough endovascular treatment is increasingly used in the management of acute stroke, 1-4 many questions remain as to which candidates are best suited for revascularization and whether imaging can help to identify these patients. One goal of acute-phase stroke imaging is to determine, without delaying therapy, 5 the volume of irreversible ischemic injury because accurate characterization of early ischemic damage may help identify candidates for revascularization. [6] [7] [8] Alberta Stroke Program Early Computed Tomographic scoring (ASPECTS) is a straightforward, quick measure of early ischemic change originally described with noncontrast CT (NCCT), which predicts functional outcome and hemorrhage risk in patients who are candidates for intravenous thrombolysis. 9 The scoring system has subsequently been applied to other CT applications and to MRI. [10] [11] [12] [13] Several studies have evaluated the interobserver agreement of ASPECTS using NCCT, and some have compared NCCT and diffusion-weighted MRI (DWI). 10, 13, 14 The diffusion and perfusion imaging evaluation for understanding stroke evolution (DEFUSE 2 study) 15 was a prospective study of patients
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with acute stroke who underwent endovascular therapy after MRI. The goal of our study is to compare the performance of pretreatment ASPECTS using both NCCT and MRI in a large endovascular therapy cohort. This study was approved by the Institutional Review Boards of the individual institutions. To be eligible for enrollment, endovascular therapy had to be initiated within 12 hours of symptom onset. The patients had to be adults (aged ≥18 years) and should have a National Institute of Health Stroke Scale score that was ≥5 and persistent large-vessel occlusion, despite earlier treatment with an intravenous tissue-type plasminogen activator. Inclusion criteria for this DEFUSE 2 substudy were evaluable pretreatment NCCT, DWI, and 90-day modified Rankin Scale scores.
Methods
Imaging
Head CT imaging was performed according to standard CT protocols (5-mm slice thickness without contrast, 120 kV, high tube current, parallel to the orbitomeatal line).
Head MRI was performed on a 1.5 or 3.0 T MRI system. A standardized protocol including a gradient recalled echo sequence, DWI sequence, and perfusion-weighted imaging sequence was performed along with a magnetic resonance angiography study of the Circle of Willis. Image analysis was done using a rapid processing of perfusion and diffusion computer system, 16 which generated quantitative DWI and perfusion-weighted imaging lesion maps within 4 to 7 minutes of processing time. The automated maps generated by the rapid processing of perfusion and diffusion computer system included a volume estimate of the ischemic core based on apparent diffusion coefficient thresholds.
Reader Agreement
Reader agreement was assessed or CT (CT-ASPECTS) and DWI (DWI-ASPECTS) scored by 2 readers (R.A.M. and T.G.J.), who were blinded to all clinical information except the affected hemisphere. Full-scale inter-rater agreement and dichotomized (>7 versus ≤7) and trichotomized ASPECTS (0-4 versus 5-7 versus 8-10) agreements were assessed. For our performance analysis of each modality, a third reader (M.P. Marks) adjudicated score discrepancies by choosing which score was considered to be the most accurate of the 2 readers' scores.
Performance Analysis
We assessed the accuracy of CT-ASPECTS, DWI-ASPECTS, and stroke onset to procedure start time, for predicting good outcome. Good functional outcome (GFO) was defined as a 90-day modified Rankin Scale score of 0 to 2. DWI lesion volumes were calculated using rapid processing of perfusion and diffusion computer software (as above), and an initial DWI volume of ≥70 mL was used to define a group of patients in whom it was hypothesized that reperfusion would be futile (poor outcome regardless of successful recanalization) as suggested by previous data. 
Statistical Analysis
Full-scale inter-rater agreement was calculated using the intraclass correlation coefficient, and dichotomized (>7 versus ≤7) and trichotomized ASPECTS (0-4 versus 5-7 versus 8-10) agreements were assessed using Cohen κ statistic (simple and weighted, respectively). Interpretation of the κ values followed the proposed standards of Landis and Koch: 0 to 0.20 (slight), 0.21 to 0.40 (fair), 0.41 to 0.60 (moderate), 0.61 to 0.80 (substantial), and 0.81-1.00 (almost perfect). 17 The relationship between reader score differences (R1 versus R2) within each modality and the adjudicated reads between modalities (CT-ASPECTS versus DWI-ASPECTS) was assessed using a Bland-Altman plot with adjusted 95% limits of agreement. The Pearson correlation coefficient was used to test the association between the timing of the scans and discrepancies between modality scores. Trends in the rates of GFO and baseline DWI lesion volumes along the trichotomized ASPECTS were assessed using the Cochran-Armitage trend test and the Jonckheere-Terpstra test for ordered alternatives. To evaluate the predictive ability of the CT-ASPECTS, DWI-ASPECTS, and time of procedure start for each outcome (functional outcome and DWI volume), receiver operating characteristic curves were constructed. The area under the receiver operating characteristic curve (AUC) was used as a scalar measure to assess the performance of prognostic risk scores. The comparison of the AUCs was conducted by a nonparametric method. Statistical tests were performed using SAS 9.3 and IBM SPSS Statistics 20 statistical software packages.
Results
Seventy-four patients fulfilled our study criteria. The mean age was 67±15 (26-92) years, the median National Institute of Health Stroke Scale score was 17 (interquartile range, [12] [13] [14] [15] [16] [17] [18] [19] [20] , and 47% were women. There were 42 (57%) patients with left-sided strokes. Occlusion locations were middle cerebral artery in 47 (64%) patients, internal carotid artery in 24 (32%) patients, or other in 3 (4%) patients. The median (interquartile range) time from stroke onset to CT was 1.4 (0.8-3.8) hours and to MRI was 4.2 (2.6-5.4) hours with a median time difference between CT and MRI of 1.6 hours (95% confidence interval [CI], 1.1-2.4).
Reader Agreement
Full-scale agreement (measured by the intraclass correlation coefficient) for CT-ASPECTS and DWI-ASPECTS was 0.579 and 0.867, respectively. Agreement within 1 point of the ASPECTS score was seen in 70% of the CT group and in 90% of the DWI group. Bland-Altman plots for CT and DWI reader agreements are presented in Figure 1 , and dichotomized (>7 versus ≤7) and trichotomized ASPECTS (0-4 versus 5-7 versus 8-10) agreements are presented in Table 1 ; the agreement on CT-ASPECTS was moderate, whereas on DWI-ASPECTS, it was substantial and significantly better than the agreement on CT-ASPECTS.
Performance Analysis
The adjudicated CT and DWI scores averaged 7.6 (range, 4-10) and 7.0 (range, 0-10), respectively. CT scores were not consistently higher or lower than the MRI scores at any time interval, and there was no association between the timing of the scans and discrepancies between modality scores; the Pearson correlation between CT-and DWI-ASPECTS score differences and the time difference between scans was r=0.14 (P=0.226). In addition, there was no trend for the differences between the scores to increase or decrease in relation to the time difference between CT and MRI (P=0.31; Figure  I in the online-only Data Supplement). Scores >7 were seen in 52.7% of CT-ASPECTS and 47.3% of DWI-ASPECTS groups. Overall agreement between modalities was 0.43 (95% CI, 0.23-0.60), and agreement decreased from the upper to the lower end of the scale (Figure 2) . The sensitivity and specificity of baseline CT-ASPECTS (using the baseline DWI-ASPECTS as the standard) are presented in Table 2 .
DWI-ASPECTS trichotomized into 8 to 10, 5 to 7, and 0 to 4 score-groups correlated with functional outcome (corresponding GFO rates were 53%, 27%, and 10%; P=0.004 for this trend), whereas CT-ASPECTS did not (corresponding GFO rates were 39%, 37%, and 20%; P=0.534; Table 3 ). Both DWI-ASPECTS and CT-ASPECTS correlated with baseline DWI lesion volume; the relationship with DWI-ASPECTS was somewhat stronger: corresponding median (interquartile range) volumes (mL) were 9 (2-14), 27 (13- The AUC for predicting GFO (n=27) was 0.705 (95% CI, 0.587-0.822) for DWI-ASPECTS, 0.548 (95% CI, 0.411-0.685) for CT-ASPECTS, and 0.581 (95% CI, 0.440-0.722) for time interval from stroke onset to procedure start. The AUC difference for DWI-ASPECTS versus CT-ASPECTS was significant (P=0.026), whereas the difference between DWI-ASPECTS and time interval from stroke onset to the cath laboratory was not significant (P=0.20).
The AUC for predicting DWI volume ≥70 (n=5) was 0.912 (95% CI, 0.826-0.997) for DWI-ASPECTS, 0.825 (95% CI, 0.71-0.94) for CT-ASPECTS, and 0.640 (95% CI, 0.413-0.867) for time interval from stroke onset to the cath laboratory. The AUC difference for DWI-ASPECTS versus CT-ASPECTS was not significant (P=0.31), but the difference between DWI-ASPECTS and time interval from stroke onset to the cath laboratory was significant (P=0.032; Figure 3 ).
Discussion
In this study, inter-rater agreement for CT-ASPECTS was moderate, whereas reader agreement for DWI-ASPECTS was almost perfect. The agreement differences persisted when scores were trichotomized (0-4 versus 5-7 versus 8-10) or dichotomized (0-7 versus 8-10).
DWI-ASPECTS predicted clinical outcome and DWI lesion volume better than CT-ASPECTS. An important limitation of our study is that by design, the CT scans in DEFUSE 2 were obtained before the MRI scans (the median time difference was 1.6 hours). For infarcts that experience growth between the CT and MRI studies, this delay provides a bias in favor of MRI-ASPECTS for predicting outcomes. However, despite this time difference, the mean DWI-ASPECTS scores were not significantly lower than the CT scores (7.6 versus 7.0), and the difference between the scores did not increase in relation to the time difference between CT and MRI. CT scores were just as likely to differ from the MRI scores, irrespective of the time between the scans, and they were not more likely to be higher versus lower than the MRI score. Therefore, a systematic bias toward lower MRI-ASPECTS scores does not account for the superior performance of MRI-ASPECTS.
Accurately determining how much irreversibly injured brain tissue is present has important implication for determining which patients with stroke are optimal candidates for reperfusion therapy. Historically, a hypodensity of >1/3 of the middle cerebral artery territory on NCCT has been used to exclude patients from many intravenous thrombolysis studies, and recent evidence suggests that large DWI lesions (70-100 mL) are highly predictive of poor outcome after reperfusion. 8, 15, 18 Although using ASPECTS scores improves the use of NCCT for identification of early signs of infarction, NCCT has poor sensitivity for detecting early ischemic changes. 19 The superior sensitivity of DWI for detection of early brain ischemia 6, [20] [21] [22] [23] has prompted the comparison of the ASPECTS scores between NCCT and DWI. Two studies, similar in concept to ours, have been published. 10, 13 In the study by Barber et al, 10 delays to imaging and time between modalities were similar to ours, whereas the study by Nezu et al 13 had much shorter onset to imaging time and a smaller difference between CT and MRI acquisition. Whereas the study by Barber et al 10 showed no difference in CT-ASPECTS and DWI-ASPECTS agreements, the study by Nezu et al 13 did (inter-rater agreement for DWI-ASPECTS, ρ=0.818, was superior to that for CT-ASPECTS, ρ=0.634). In contrast to our results, CT-ASPECTS performed well 13 or better than 10 DWI-ASPECTS in predicting outcome. The evaluation of ASPECTS performance is dependent on the frequency and volume of early ischemic change present in the population studied. For example, if most of the patients have high ASPECTS scores, either because of short onset to scan times or milder strokes, readers are more likely to agree on the scores being high, and clinical outcomes will be favorable. Data to support this concept were provided by Weir et al, 19 who demonstrated that ASPECTS predicted outcome in a graded fashion (linearly for ASPECTS, 6-10), but it was a poor predictor for lower scores. The frequency of CT-ASPECTS 8 by guest on August 12, 2017 http://stroke.ahajournals.org/ Downloaded from to 10 was greater in the studies done by Barber et al 10 and Nezu et al, 13 which may account for the good performance of CT-ASPECTS in those studies.
DWI-ASPECTS scores have been shown to correspond to a wide range of DWI lesion volumes 24, 25 ; however, a recent study demonstrated that DWI-ASPECTS <4 reliably predicted infarct volumes >100 mL and DWI-ASPECTS >6 reliably predicted volumes <70 mL. 24 Therefore, a trichotomized scale may have particular relevance in centers where acute MRI is performed, but software for automated lesion volume calculation is not available.
It is of interest that the time from stroke onset to endovascular therapy was not as robust as the DWI-ASPECTS score for predicting clinical outcomes. In the logistic regression model, age, DWI-ASPECTS, recanalization, target mismatch status, and time since onset were assessed. DWI-ASPECTS was the strongest predictor of outcome ( Table I in the onlineonly Data Supplement). This finding may reflect the variable growth rate of DWI lesions over time, and it implies that the volume of irreversible tissue injury is a more potent predictor of clinical outcome than the time to reperfusion.
There are several limitations of our study. This is a substudy of a larger cohort and includes only the subgroup of patients who had both NCCT and DWI. There were a small number of patients with DWI volumes ≥70 in this population. DWI abnormalities may be reversible, but reversal is uncommon and usually involves only a small volume of tissue, 15, 26 and permanent reversal was rarely seen in DEFUSE 2.
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Conclusions DWI-ASPECTS demonstrates substantial full-scale, dichotomized, and trichotomized inter-rater agreement, which is superior to CT-ASPECTS. DWI-ASPECTS outperformed CT-ASPECTS in predicting functional outcome and infarct volume in the DEFUSE 2 cohort. DWI-ASPECTS performs particularly well in patient populations where early infarct signs on brain imaging are prevalent. 
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